Abstract -This paper describes an approach to the short term operation planning of hydro stations in market environment. The developed approach is based on the solution of an optimization problem to maximize the profit of a generation agent along a planning period discretized in hourly steps using a Genetic Algorithm. This problem includes the possibility of pumping since this is an important resource in the scope of electricity markets. The scheduling problem was developed starting with an initial simplified version in which the head loss is neglected and the head is assumed constant.
INTRODUCTION
Before the introduction of market mechanisms in the electricity sector, the industry was structured in a vertically way in terms of utilities that integrated all the activities of the value chain from generation till the relation with end consumers. Under this vertical paradigm, planning activities, both in terms of expansion and operation, were conducted in a centralized way. [n particular for operation planning activities, traditional utilities conducted planning exercises using estimates of fuel and coal costs in order to obtain estimates of the contribution of each technology to supply the expected demand. Then, as the operation moment was approaching, more detailed studies were conducted including at a certain moment detailed network models that ultimately lead to the OPF problem.
[n several countries the generation mix includes a large share of hydro stations so that a different set of concerns emerged related with the definition of strategies to use the water. [t is clear that considering in the same optimization problem resources having non zero operation cost as thermal stations together with hydro stations would lead to a more intensive use of hydro resources until water was available meaning that later on thermal stations would have to be used more intensively. This short term intensive use of water wasn't eventually the most interesting operation strategy and this concern was reflected on a number of studies that for instance originated the definition and the estimation of the value of water. These research activities originated a large number of publications reporting models on hydro-thermal coordination problems in which it was recognized the random nature of water inflows and the different characteristics of hydro stations, namely in terms of reservoirs and run of river stations.
More recently, the advent of market mechanisms introduced significant changes in this centralized vision. There are now several generation agents competing to supply the demand and each of them aiming at maximizing its own profit. The relation between generation and demand can now be done in symmetrical day-ahead markets to which generation and demand agents bid for each hour of the next day. Ultimately, the introduction of this type of procedures put a larger emphasis on shorter term concerns meaning that hydro selling bids are often formulated in terms of the maximum possible power to be generated namely when it is expected that electricity market prices are larger thus yielding larger profits. In this context, pumping becomes an important resource not only because if used efficiently it can contribute to increase the profits but also because it can be used to accommodate the energy from other volatile sources as wind, namely in windy valley periods.
The operation planning problem of hydro stations corresponds to a complex problem, namely because it corresponds to a non linear optimization problem given the non-linear relation between the head, the power output and the water flow and also because the number of constraints and variables becomes typically large if one aims at running a planning exercise for a realistic system. When addressing this short term operation problem it is important to recognize that it is necessary to specity values for instance associated with the initial and fmal volumes of water in each reservoir. These values typically come from medium or longer term planning exercises that use estimates of water inflows to each station and that outputs the initial and final volumes to use in each planning period, namely as a way to reduce or bring to zero water spill given that this corresponds to waste a valuable resource.
Having in mind these ideas, this paper formulates the short term hydro station operation planning problem that should be solved by a generation agent in order to obtain a generation schedule along a day or a week so that the corresponding profit is maximized while enforcing a number of constraints. When formulating this problem we admit that the initial and fmal water volumes of each station are specified and that it is also available a set of estimated hourly electricity prices. The short term hydro scheduling problem can then be used by a generation agent to formulate the selling bids to submit to the Market Operator which means that this schedule will then have an impact on the hourly prices. The paper also includes results obtained for several tests starting at a simplified version of the problem in which the head loss is neglected. Then, the non-linear relation between the head, the water flow and the power output is considered and finally the schedule obtained in a given step of the iterative solution algorithm is used to update the electricity market prices to calculate the profit of the hydro stations being addressed.
Accordingly, this paper is structured as follows. After this introductory section, Section II reviews several concepts related with the operation of hydro systems and briefly addresses a number of publications on the hydro scheduling problem and Section III presents the formulation of the short term problem. Then, Section IV details the application of GA to this problem. Section V presents results from two Case Studies designed to illustrate the developed approach and finally Section VI draws the most relevant conclusions.
II. STATE OF THE ART
As explained before, under the current competItIve market paradigm, generation companies should identify the most interesting operation strategy for the next day or week. This identification should be driven by the maximization of their profits and the results of the corresponding short term planning exercises can then be used to build a set of selling bids to be communicated to the day-ahead market operator.
When considering generation companies having hydro assets the problem becomes more complex, namely due to its non linear nature together with the number of constraints and variables to consider and the interdependencies between several stations in cascades. In the first place, for an ideal hydro circuit associated with a station i and a period k, the output power is given by (1) . In this expression, the gravity acceleration is 9,8 ms· 2 the density of the water is 1000 kg/m 3 , q ik is the water flow in m 3 s· 1 , hik is the water head in m and fl T is the generation efficiency factor.
In fact, the water head depends under a non-linear way on the water flow originating losses in the water circuit. Therefore, Pi k will more accurately be represented by (2) where j3 is the head loss coefficient. According to (2), for each value of h t k' there is also a non-linear relation between q ik and Pt k . This family of curves is illustrated in Fig. 1 , each of them for a fixed value of the head. The head loss coefficient j3 is given by (3 ) in which &in is the nominal head loss and qn is the nominal discharge flow. Once the j3 is calculated, the head loss can be obtained by j3. q� . Due to this term and even if a constant head hik is set, the power output of the hydro station is still a non-linear function of the discharge flow as it can be recognized in each curve of The literature describes different strategies to deal with the head and discharge volume non-linear relation. In the first place, the problem could be simplified neglecting the head loss term in (2). Under this assumption, for each value of hik' the non-linear curve would be approximated by a linear relation between the hydro power output and the discharge flow. Given that the term j3. qi is neglected, this linear approximation gets located above the real curve in blue in Fig 2. Accordingly, this would lead to larger errors in the area of large discharge flows were the current practice indicates that hydro stations operate nowadays. real curve maximum head loss head loss neglected average head loss A second possibility represented by the dashed line in Fig. 2 corresponds to use an average value for the head loss that could be obtained by minimizing the average square error of the difference of values obtained from the blue curve and its dashed linear approximation. A third approach is a more conservative one in the sense that it uses a constant value for the head loss corresponding to the maximum discharge flow. In this case, for a given value of the discharge flow, the hydro power output given by the red curve is below the real value given by the blue curve. However, this approximation is interesting since the error is small in the area of larger discharge flows and the current practice of hydro station operation indicates that that the discharge flows are typically at the maximum.
In several cases, one can admit that the head htk is constant, namely for large reservoirs in which even if there are large discharge flows the head slightly changes. Differently, assuming a constant head is not suitable for smaller reservoirs because they will have large variation levels depending on the discharge flow thus leading to head variations. In these cases, the mentioned non-linear relation should be retained and addressed in the model to obtain more accurate results. Therefore, depending on the main characteristics of the hydro system under analysis, this non-linear relation can be neglected or not.
The mentioned non-linear problem can be addressed using dynamic programming models as in [1, 2, 3] . The use of this technique usually leads to large dimension optimization problems if we are dealing with realistic sized hydro generation systems. Other publications describe the use of other techniques as Lagrange relaxation, mixed integer linear programming [4] , non-linear formulations [5] and meta-heuristics. In this class, there are publications using Simulated Annealing [6] , Neural Networks [7, 8] and Tabu Search [9] . Several publications use an iterative procedure in which the head is updated in each iteration using the value obtained for q ik in the previous iteration and the f3 coefficient calculated with nominal values (3 ).
This approach was used in [10, 11, 12] and also in [13 ] considering an under relaxation iterative scheme.
In this paper we describe the mathematical formulation to the short term hydro scheduling problem and three possible implementation approaches designed so that they assume an increasing complexity level. These approaches were developed in the scope of the preparation of the MSc Thesis of the first author [14] . In the first one we used a constant value both to the head htk and to the head loss, this one corresponding to the maximum discharge flow. This means that the relation between the hydropower output and the discharge flow becomes linear and it is the same all along the solution algorithm. Then, the second model incorporates the mentioned non-linear relation under an iterative scheme. After obtaining a solution for q ik the head loss term f3. q� and the net head htk -f3. q� are updated and used in the next iteration. The third implementation considers the impact of the hydro schedule on the electricity market prices. The hydro schedule obtained in one iteration is used to update the electricity prices and these are then used to calculate the amounts the remuneration of each station along the planning period.
Finally, the developed approach includes the possibility of pumping to increase the realism of the models. In case of pumping, the power consumed by station i in period k is given (4) in which f.lp is the pumping efficiency factor.
III. COMPLETE MATHEMATICAL FORMULATION
The main objective of the Hydro Scheduling Problem (HSP) can be stated as follows -fmd a feasible operation schedule for a set of hydro stations (including for instance cascades) that maximizes the profit while enforcing a 3 number of constraints. One of the main difficulties when trying to solve this problem corresponds to the non-linear relationship between the discharge volume qi k, the net head htk ' and the hydropower Pi k as represented in Fig. 1 .
In the implemented approach we considered a time scale of K hourly periods and we assumed that a set of K hourly electricity prices, Jrk , are available. Then this problem can be formulated by (5 -13 ). ViK =vo[iK
In this formulation: I -number of reservoirs; i-index for a particular reservoir; K -number of scheduling hourly periods; k -index for a particular hour;
(10)
Mi -set of upstream reservoirs directly connected with reservoir i;
m -index for a reservoir in set Mi; L -number of stations in set Mi; ffk -electricity market price in hour k; PT ik -power output in reservoir i, hour k; P Pik -pumping power in reservoir i, hour k;
ps -penalty factor for spills;
S i k -spill of reservoir i, in hour k; V i k -volume of reservoir i, in hour k; a i k -inflow of reservoir i, in hour k; q Pi k -pumping volume of reservoir i, in hour k; qTik -discharge volume of reservoir i, in hour k; rpm -delay of turbine discharge volumes; Am -delay of spill volumes; Olm -delay of pumping volumes;
vol 'm i n vol 'm a x -minimum and maximum launch
volumes of reservoir I for instance considering ecologic requirements; vm i n vm a x _ level volume limits of reservoir i·
, q T/"ln , q T/"aX -turbine discharge limits for station i;
q P/"ln , q p;max _ pumping volume limits for station i;
voli K -volume level of reservoir i in the last scheduling period, K.
In this formulation, the objective function (5) alms at maximizing the profit of the generation company given that at each period k the power output of each station i, P T ik ' is sold at the market price ffk . If station i is pumping water it consumes electricity that is bought at price ffk thus representing a reduction of the revenue. Water spills correspond to undesirable situations that are penalized by the third term in (5). This objective functions is constrained by a set of equality constraints (6) one per station i and per period k. Each of them relates the volume Vik with the volume of reservoir i in period k-I, with the inflow, with the outflow volume, with the water spill and with the water balance in the reservoirs upstream reservoir i and directly connected with it. Constraints (7) establish minimum and maximum limits for the liquid output volume of reservoir i, modeling for instance minimum flow requirements related with agriculture uses or ecological reasons. Constraints (8) bound the hourly volumes of reservoir i and constraints (9) and (10) bound the generation and pumping water flows of station i in period k. Finally, constraints (11) indicate that the water spill is non-negative and (12) sets the volume of reservoir i at the end of the planning period, that is, at the end of hour K.
IV. SOLUTION ALGORITHM AND IMPLEMENTED

APPROACHES
The optimization problem described in Section III was solved using Genetic Algorithms. GA's are population based approaches that aim at identifying good solutions to optimization problems emulating the natural principles of evolution. In brief, after coding a possible solution to the problem typically as a string of bits, it is created an initial population including a number of individuals or chromosomes. Then, each potential solution to the problem is evaluated using a fitness function that characterizes the goodness of each one. The population is then reproduced using the genetic operators of selection, crossover and mutation in order to create a new population. This new population is evaluated and if convergence was not yet achieved, then the algorithm iterates again.
The decision variables of the complete problem formulated in Section III include the discharge volume qTik, and the pumping volume, qPik, in each hour of the planning horizon. The literature on short term hydro scheduling suggests that current market mechanisms are inducing generation companies to generate or pump with water flows as large as possible namely to profit from selling electricity when prices are higher and to pay for pumping as little as possible when prices are low. The same conclusion is for instance reported in [13 ] . In this publication the generation and pumping volumes are decision variables but the result of the optimization procedure allocates these volumes at the maximum possible values in order to maximize the profit. If the volumes are taken at the maximum possible values either when generating or pumping, then these volumes are no longer decision variables of the problem and the profit maximization problem now aims at deciding the status of each station, that is, identifying the best location for the generation and pumping periods. Under this assumption, 4 the GA implemented to solve this problem used the following coding for the status of each hydro station:
-00 -not active; -01 -operating as a pump; -10 -operating as a generator; -11 -not active. If the hydro system includes two stations and the planning horizon has 24 hours, then an individual is coded by a string of 96 bits resulting of the multiplication of 24 periods by 2 stations by 2 bits per station. After setting the number of individuals in the population, the algorithm evolves according the following steps: i) Initialization -the string of bits representing each individual is initialized using a random sampling procedure; ii) Evaluation -each individual or chromosome corresponds to a possible solution to the problem and the quality of this solution is measured by the value of the objective function (5). To calculate this value, and for each station i in period k it is necessary to compute the output hydro power in case it is operating as a generator or the pumping demand power in case it is in state 0 I. This is done using expressions (2) or (4) in function of qik and of the head hik. Recall that qik is set at Ql;max for state 10 and at qp(nax for state 0 I. Using the generation or pumping powers and a specified set of electricity prices it is possible to compute (5) for each individual along the planning period. It is still necessary to check if the solution associated to each individual belongs to the set of feasible solutions, that is, if it does not violate any constraint of the problem. Using the qik values of each station, one computes the hourly volumes of station i Vik using (6) and compares it with the limits given by (7) and (8) . If the volume in period k exceeds the maximum value then the variable Sik becomes non zero in order to balance equation (6) again. If the volume Vik is smaller than the minimum limit then the value of the optimization function (5) is penalized using a negative term that is proportional to square of the difference between the value of Vik and the violated limit. A similar penalty tenn is used if the final volume Vik for k=K is different of the pre established value given by constraint (12); iii) Convergence check after evaluating the population, the convergence criteria is checked. We considered that the algorithm converged if the average value of the fitness function of all individuals in the population did not change more than a specified percentage if compared with the results obtained for a number of previous iterations, if the standard deviation of the fitness function of all individuals is small enough and if the largest value of the fitness function (the one of the most adapted individual) did not change more than a specified percentage for a number of iterations; iv) Genetic operators -if the convergence check was not successful, then the algorithm proceeds using the selection, the crossover and the mutation operators to create a new population. In the first place, pairs of individuals compete in a stochastic tournament to select the most adapted ones. Then, the crossover operator acts over some selected individuals and fmally the mutation operator is used to introduce diversity in the population. At the end of this procedure, a new population is formed and the algorithm gets back to the evaluation step. The previous algorithm represents a general approach that can now be adapted in order to increase the complexity and the realism of the model. The three designed approaches are as follows:
i) Model l -in the first place, we designed a very simplified version of the problem assuming that the head is constant and that the head loss term is neglected in (2) and (4). This model also assumes that the generation or pumping flows are at their maximum values and that they are equal. In real cases, these maximum flows will be reduced due to head variations. However, admitting that the head remains unchanged originates that the maximum generation and pumping flows also remam unchanged; ii) Model 2 -in this model, we continue admitting that generation of pumping flows are at the maximum but these maximum values are not constant and equal from one iteration to the next one. Under this approach, at the end of each iteration the volumes
Vik given by (6) are used to update the head h;k and then this is used to update the maximum flows using (14) and (15) as detailed in [15] .
In these expressions and for station i, qTn; is nominal turbine discharge volume, qPnj is the nominal pumping volume, hTn; is the nominal turbine head, hPnj is the nominal pumping head and 0i is the pumping coefficient. These are parameters characteristic of each reservoir and correspond to inputs to the problem. It is clear that if the head is taken as constant and equal to nominal value, then the maximum flows also coincide with the nominal values either for generation or pumping. This would correspond to the simplification used in Modell. Finally, in this approach we also considered the head loss tenn in (2) and (4) computed using the values obtained for q ik in the previous iteration;
iii) Model 3 -the final model incorporates all the enhancements of Model 2 and it also considers the impact of the hydro schedule on the electricity prices. It is clear that the presence of selling bids submitted to the electricity market at low bid prices tend to shift the aggregate selling curve to the right thus reducing the market price. If the station is pumping, then the aggregated demand increases thus originating an increase of the market price. In order to incorporate this impact, we admitted that the generation agent that is conducting this scheduling exercise has estimates for the hourly demand in the system and for the aggregated selling curve for all the remaining stations, except the ones being scheduled. Then at each iteration of the AG and for each of the individuals and for each hour k, the demand of hour k is increased using the pumping powers of the stations in status Ol and reduced by the generated powers of the stations that are in status 10. This modified demand is used together with the aggregated selling curve of the remaining stations to update the electricity market price in hour k. These modified prices are finally used together with the hydro schedule associated to each individual to compute the remuneration of the stations being planned as the difference between the amounts to receive and to pay. This procedure admits that the hydro stations being scheduled will bid at low price if they are at status 10 or will bid at a very large price if they are at status 0 I to ensure that are their selling/buying bids are always accepted in each hour of the planning period.
V. CASE STUDIES
A. Hydro system 1
The hydro system 1 includes four reservoirs that are uncoupled from an hydro point of view and that have the characteristics detailed in Table I . In the first place, we used Model 1 to plan the operation for a 48 hour period. Table II presents the hourly prices for the first 24 hours and then this set of prices repeated on the second set of 24 hours. Given that for each station the inflows are zero, the initial and fmal volumes are equal and the maximum discharge and pumping flows are also equal, it is immediate to conclude that the number of periods during which each station is operating as a generator has to be equal to the number of periods during which it is pumping. Therefore, using Modell and the data in Table I leads to a very simplified situation that was used to set a number of parameters of the GA for this system. As a result of these initial tests, we selected populations with 40 individuals, a rate of 0,8 for stochastic selection tournament and a mutation rate of 0,1. Using these values, Figs. 3 to 6 present the generation/pumping periods for the four stations and the electricity price evolution. ,.
., These results confirm that generation periods tend to be located when the market price is larger and that pumping is done when the price is more reduced.
In a second step, we used Model 2 considering the 100 SD .. Table III . In each iteration, these values are used to update the maximum flow of each station using (14) and (15) . Figs. 7 and 8 present the generation and pumping periods of stations l and 2 as well as the price evolution for a 24 hour period. In this case, the number of discharge and pumping periods are no longer equal because inflows are considered and the discharge and pumping volumes are not equal. Looking at Fig. 8 , pumping is now limited to 2 periods since there are inflows all through the day as indicated in Table III . Finally, Model 3 was used to incorporate the impact on the prices of the schedules obtained along the GA. For this purpose, we admitted that the demand to be supplied by the entire power system in which these four stations are included has the values indicated in Table IV for each hour of the planning day and that the estimated bid curve for the remaining stations in the power system is depicted in Fig.  9 . Figs. 10 and 11 present the generation and pumping periods for stations 1 and 2. As a result of this more accurate model, the electricity price in each hour changes along the iterative process typically increasing in the pumping periods regarding the initially input values because the demand increases. Conversely, the prices tend to decrease in the generation periods due to the presence of low price bids from the scheduled hydro stations. This ultimately reduces the operation profit that the generation company can obtain at the end of the day when compared with the value of the profit yield by Models 1 or 2. For station I, as an example, the profit was estimated to get reduced by 10,7% when comparing the results obtained with Models I and 3. The second tested hydro system is the cascade of 8 stations in Fig. 12 . To a certain extent, this cascade mirrors a Portuguese hydro basin and the main characteristics of the stations are listed in Table V . Among these stations, only C and G have pumping capacity. The inflows of hydro power plants F, G and H are typically large, while the inflows of the remaining hydro stations are more reduced. 
--II
Model 2 described in Section IV was used to plan the operation of this cascade along a week. This implicitly means that these stations are price-takers since we are neglecting the impact of the hydro schedules on the electricity prices. Fig. 13 presents the results that were obtained using Model 2 for the generation periods of the 8 stations and Fig. 14 indicates the pumping periods that were obtained for stations C and G. Regarding these results, it becomes clear that stations F and G are run of river and so they are scheduled to operate all over the week on the basis of the load diagram. On the other hand, station G, although having pumping capacity, has large inflows and so it is also scheduled with a constant power output. The remaining stations are typically scheduled to operate when electricity prices are larger. As indicated before, station G has large inflows during the whole week and so it has no pumping consumption. Differently, the hydro station C has more reduced inflows and so its pumping consumption is large. Finally, Fig. 14 confirms that pumping is used in the periods in which the electricity market price is more reduced. These results are well in line with the experience taken from the operation of the real cascade mentioned in the beginning of this section.
V. CONCLUSIONS
This paper detailed a model to develop short term operation planning studies for hydro systems to maximize the profit obtained by the generation agents along the planning period. The associated non-linear optimization problem was solved using Genetic Algorithms that proved to provide good results for all analysed cases, namely results in line with what was expected from real life experience. The obtained results confirm that under the current electricity market paradigm when an hydro station is operating it is typically running at its maximum generation or pumping flow and that generation periods tend to be located when the electricity prices are larger and pumping when they are more reduced. This allowed us to simplify the coding scheme of the GA solutions and confirmed that the maximization of short term profits is now the main driver for generation companies. The solution of one day or one week planning problem requires the input of the initial and final volumes of each station and in this work we admitted these values were provided by a medium term planning exercise. This means that the developed model can be used to help generation agents to prepare the bids to submit to the electricity market on a daily basis but has to interact with an upper level model to define the policy regarding the use of water. This is not addressed in this paper and it corresponds to a research topic to be followed in the future.
